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Introduction {#sec001}
============

Hepatitis C virus (HCV) infection is a major public health problem affecting more than 170 million people worldwide and is a leading cause of cirrhosis, hepatocellular carcinoma, and liver failure \[[@pone.0142349.ref001]\]. Treatment for HCV has progressed rapidly, especially for genotype 1. Previously, the standard treatment for HCV genotype 1 infection is peginterferon plus ribavirin, with a SVR rate of less than 50%. Then from 2011, combination of the protease inhibitor with peginterferon and ribavirin increased the sustained virological response (SVR) rates to 70% for untreated HCV genotype 1 infection \[[@pone.0142349.ref002], [@pone.0142349.ref003]\]. Since 2014, the interferon-free regimen of ledipasvir/sofosbuvir (Harvoni,Gilead Sciences) resulted in more than 95% SVR rates in patients with HCV 1b infection \[[@pone.0142349.ref004], [@pone.0142349.ref005]\]. However, high cost of these treatments highly limited their access in developing countries, where the disease burden is greatest. Nowadays, no effective vaccine has been demonstrated to date despite identification of several vaccine candidates in preclinical and clinical trials \[[@pone.0142349.ref006]--[@pone.0142349.ref010]\]. Therefore, development of an effective, safe, and affordable anti-HCV vaccine is a matter of great urgency.

HCV is a positive-strand RNA virus of the *Flaviviridae* family, which exists as seven major genotypes and several subtypes \[[@pone.0142349.ref011]\]. Genotype 1b HCV is the most prevalent form worldwide, particularly in Europe and East Asia. When HCV enters the cytoplasm, the viral RNA genome is translated into a polyprotein that undergoes proteolytic cleavage by cellular and viral proteases into three structural viral proteins (core, E1, and E2), a small membrane polypeptide (p7), and six non-structural proteins (NS2, NS3, NS4A, NS4B, NS5A, and NS5B) \[[@pone.0142349.ref012]--[@pone.0142349.ref014]\]. The NS3/4 protein complex of HCV has important protease and helicase activities and participates in the replication module with NS5A and NS5B. A set of CD4^+^ T-cell epitopes has been identified within the NS3/4 region; these epitopes may be optimal candidates for use in immunotherapy for HCV infection \[[@pone.0142349.ref015]\]. The NS3 protein has important protease and RNA helicase activities. Multiple CTL epitopes have been identified in the NS3 region, the cellular immune response against which determines the viral persistence outcome \[[@pone.0142349.ref016]\]. Several studies have shown that NS3-specific T-cell responses correlate with resolution of acute HCV infection \[[@pone.0142349.ref017]--[@pone.0142349.ref019]\]. Therefore, NS3 may be an ideal candidate for a novel vaccine \[[@pone.0142349.ref020]\].

Viral vectors expressing foreign antigens are widely used to induce T-cell immunity against pathogens \[[@pone.0142349.ref021]--[@pone.0142349.ref023]\]. The use of adeno-associated virus (AAV) vaccines has recently become an attractive approach because of the capacity of these agents to persist for prolonged periods in the transduced tissues \[[@pone.0142349.ref024], [@pone.0142349.ref025]\]. AAV is a single-stranded DNA virus belonging to the *Parvoviridae* family. Because of its non-pathogenicity, ability to transduce both dividing and non-dividing cells, and relatively low immunogenicity, AAV has been explored as a vector for gene therapy. It has been identified as safe in human clinical trials and effective in the treatment of rare inherited diseases \[[@pone.0142349.ref026]\]. More than 120 serotypes and variants from human and nonhuman primates have been identified to date. Many novel capsids isolated from primates show high transduction efficiency and low seroprevalence \[[@pone.0142349.ref027]\]. For example, AAVrh32.33, a novel vector developed from rhesus macaque isolates, has lower seroprevalence in human populations than do AAV2 and AAV8 and has been evaluated as a genetic platform for an HIV-1 vaccine. Robust CD8^+^ T-cell responses to the HIV gag and gp140 proteins were observed in mouse and macaque models, respectively \[[@pone.0142349.ref024]\]. Our laboratory has developed genetic vaccines based on AAV vectors expressing truncated dengue virus envelope proteins, which induced a long-lasting humoral response in mice \[[@pone.0142349.ref028]\]. In the present study, we constructed AAV2/rh32.33 vectors expressing the NS3 or NS3/4 protein of HCV genotype 1b and evaluated their immunogenicity using a mouse experimental model.

Materials and Methods {#sec002}
=====================

Plasmid construction {#sec003}
--------------------

Total RNA of HCV genotype 1b (GenBank accession number AB049099) was obtained from the serum of a patient diagnosed with HCV (viral load = 2.57E+08 IU) in the Third Affiliated Hospital of Sun Yat-Sen University (Guangzhou, China) using the Mini BEST Viral RNA/DNA Extraction Kit ver. 4.0 (TaKaRa) according to the manufacturer's protocol. cDNA was synthesised using the PrimeScript II First-Strand cDNA Synthesis Kit (TaKaRa). To amplify the NS3 gene, PCR using Pyrobest DNA polymerase (Takara) and specific primers was carried out, and *Not*I and *EcoR*I sites were used to clone the amplicons into the AAV cis-plasmid (a kind gift from J. Wilson of University of Pennsylvania).Sequences were as follows: forward, `5′GTGGAATTCATGGCGCCTATCACGGCCTAT3′`; and reverse, `5′CCACGCGGCCGCGACGACCTACAG3′`. The NS3/4 gene cDNA was amplified by nested PCR using PrimeSTAR^®^ HS DNA Polymerase with GC Buffer (TaKaRa) and specific primers ([Table 1](#pone.0142349.t001){ref-type="table"}). The segment was then cloned into the AAV cis-plasmid using an In-Fusion HD Cloning Kit (Clontech) and two specific primers ([Table 1](#pone.0142349.t001){ref-type="table"}). The identification of AAV recombinants was confirmed by restriction enzyme digestion and sequencing. The clones were named pAAV.CMV.HCV.NS3 and pAAV.CMV.HCV.NS3/4. The study was approved by the Ethics Committee of the third affiliated hospital of Sun Yat-sen University (Guangzhou, China) and written informed consent was obtained.

10.1371/journal.pone.0142349.t001

###### Primers for the amplification of HCVNS3/4 gene.

![](pone.0142349.t001){#pone.0142349.t001g}

  Primer name   Sequences
  ------------- -------------------------------------
  s3366         `5'GAGATACTYYTRGGRCCRGCYGATR3'`
  a6300         `5'CCGWGCATATCCADTCCCARAYRTC3'`
  s3420         `5'ATGGCSCCCATCACRGCYTATYCCC3'`
  a6257         `5'TCARCAYGGYGTGGARCAGTCCTCATTR3'`
  F3420         `5’GGTGTCCAGGCGGCCGCATG3’`
  F6257         `5’CAGTCGAGGCAGATCTTCAACATGGTGTG3’`

s3366 and a6300 were primers for the first round PCR; s3420 and a6257 were primers for the second round PCR.F3420 and F6257 were primers for In-Fusion Cloning.

AAV preparation, purification, and quantification {#sec004}
-------------------------------------------------

AAV particles were produced by transfecting a three-plasmid vector system into HEK-293 cells (a kind gift from J. Wilson of University of Pennsylvania), as described previously \[[@pone.0142349.ref029], [@pone.0142349.ref030]\]. The plasmid system comprises one transfer plasmid (pAAV.CMV.eGFP, pAAV.CMV.NS3, or pAAV.CMV.NS3/4) and two packaging plasmids (pAAV2/rh32.33 and pAd.F6). All plasmids were extracted using a Plasmid Maxi Kit (Qiagen) as instructed by the manufacturer. Briefly, 2 h before transfection, each 15-cm-diameter plate containing 293 cells (70%--80% confluent) was treated with 20 ml of fresh Dulbecco's modified Eagle's medium (DMEM; Gibco) containing 10% foetal bovine serum (FBS; Hyclone) without antibiotics. Equimolar plasmids were dissolved in 650 μl of 2.5 M CaCl~2~ and 5.9 ml of MilliQ water, then rapidly mixed with 12.5 ml of 2 × 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES)-buffered saline (HBS; pH 7.05). A 2.5-ml aliquot of the transfection solution was gently added to each dish. The plates were swirled slowly to mix the contents, then returned to the incubator. Sixteen hours after transfection, the medium was replaced with fresh DMEM (Gibco) containing 10% FBS and 100 mg/ml streptomycin and penicillin (Gibco). Seventy-two hours later, cells were collected when green eGFP signals had become distinct-shaped foci as visualised using fluorescence microscopy. The supernatant was discarded and the pellet resuspended in 10 ml of 150 mM NaCl, 20 mM Tris (pH 8.0) per tissue culture plate. Benzonase nuclease (Sigma-Aldrich) was then added to a final concentration of 50 units/ml, and the plates were centrifuged at 3000 × *g* for 30 min at 4°C to remove cellular debris. The cells were then lysed by means of three consecutive freeze--thaw cycles (--80°C and 37°C) to release AAV. AAV was purified by three rounds of caesium chloride gradient centrifugation, and genome titres (genome copies \[GC\] per ml) were determined by real-time PCR using Premix Ex Taq^™^ (TaKaRa).

Infectivity test and analysis of NS3 and NS3/4 expression {#sec005}
---------------------------------------------------------

HepG2 cells were used to evaluate AAV infectivity. Cells were cultured in six-well plates with DMEM supplemented with 10% FBS and infected with rAAV2/rh32.33.NS3/4, rAAV2/rh32.33.NS3, or rAAV2/rh32.33.eGFP (negative control) for analysis of gene expression. The final infection concentration of each virus was 1 × 10^10^ GC/ml. Seventy-two hours later, after confirmation of eGFP expression by fluorescence microscopy, the infected cells were harvested and lysed for western blotting analysis. Samples of the cell lysates were separated in 10% and 14% SDS-PAGE gels and then transferred onto polyvinylidene fluoride membranes (Millipore). Nonspecific binding sites were blocked by incubating membranes in 5% non-fat milk. Blots were incubated with an anti-HCV NS3 mouse monoclonal antibody (Virostat 1878), anti-HCV NS4A mouse monoclonal antibody (Virostat 1866), and anti-HCV NS4B mouse monoclonal antibody (Abcam,ab24283) overnight at 4°C. The membranes were then washed three times in TBST and incubated with the horseradish peroxidase (HRP)-conjugated secondary antibody (Abcam) for 1 h at room temperature. The membranes were washed as above, and the proteins were visualised using Dura Super Signal Substrate (Pierce, USA).

Immunisation of mice {#sec006}
--------------------

C57BL/6 mice (female, 4--6 weeks old) were purchased from SLAC Laboratory Animal Company (Shanghai, China). They were randomly divided into 4 groups of 12 mice each. Vaccination schedules were as follows: group 1, immunisation with the recombinant AAV2/rh32.33.NS3/4 vaccine (5 × 10^11^ GC per mouse); group 2, immunisation with the recombinant AAV2/rh3233.NS3 vaccine (5 × 10^11^ GC per mouse); group 3, immunisation with the recombinant AAV2/rh3233.eGFP vaccine (5 × 10^11^ GC per mouse); and group 4 (control), injection of PBS (100 μl per mouse). Each mouse was vaccinated intramuscularly at the tibialis anterior muscle of the hind leg. Blood samples were collected from the retro-orbital sinus of six mice selected randomly at weeks 0, 4, 8, and 12 after immunisation. In addition, at week 4 post-immunisation, splenocytes of a further six mice were isolated according to standard techniques under deep anaesthesia. The animal protocols used in this work were evaluated and approved by the Animal Use and Ethics Committee (CEUA) of the Third Affiliated Hospital, Sun Yat-Sen University (Protocol 2012--0083).

ELISA for NS3-specific antibody reactivity {#sec007}
------------------------------------------

To measure antibody reactivity against the immunised antigens, 96-well Nunc ELISA plates were coated with GST-NS3 peptide and incubated overnight at 4°C. The plates were washed and blocked with 1% BSA for 2 h at room temperature and then washed three times with PBST. A fixed volume (100 μl/well) of 1:100 diluted serum samples was tested. The plates were incubated for 2 h at 37°C and washed five times, and then 1:1,000 diluted anti-mouse IgG HRP-conjugated antibody (Sigma) was added followed by incubation for 1 h at 37°C. After washing six times with PBST, 3,3′,5,5′-tetramethylbenzidine (TMB; Invitrogen) was added to each well, followed by incubation for 15 min at room temperature; the plates were then read (ELX800, Bioteck) at a 450-nm wavelength.

Determination of cytokine mRNA levels in splenocytes by real-time PCR {#sec008}
---------------------------------------------------------------------

Levels of cytokine (IFN-γ, IL-2, and IL-4) mRNA in splenocytes were measured by real-time RT-PCR. Spleens were isolated from mice at 4 weeks post-immunisation. A single splenocyte suspension was prepared by macerating the spleens through 70-μm cell strainers (Falcon) and maintained in Roswell Park Memorial Institute 1640 medium containing 10% FBS, penicillin (100 U/ml), streptomycin (100 U/ml), and 2 mM L-glutamine. Splenocytes were seeded in 96-well plates at 4 × 10^5^ cells per well in 200-μl complete medium and stimulated with 4 μg/well GST-NS3 peptide, or PBS as a control. Cultures were incubated at 37°C in 5% CO~2~ for 72 h. The cells were then harvested by centrifugation at 3000 × *g* for 5 min. Total RNA was extracted from the stimulated and control splenocytes using TRIzol reagent (Invitrogen). Real-time RT-PCR was performed using a TaKaRa RNA PCR Kit (AMV) ver. 3.0 and SYBR Premix Ex Taq (Takara). Primer sequences are shown in [Table 2](#pone.0142349.t002){ref-type="table"}.

10.1371/journal.pone.0142349.t002

###### Primer sequences for IFN-γ, IL-2, IL-4 and GAPDH.

![](pone.0142349.t002){#pone.0142349.t002g}

  Cytokine                               Primer sequences
  -------------------------------------- ------------------------------------
  IFN-γ                                  Forward:`5’CCTGCGGCCTAGCTCGA3’`
  Reverse:`5’CAGCCAGAAACAGCCATGAG3’`     
  IL-2                                   Forward:`5’GCACCCACTTCAAGCTCCA3’`
  Reverse:`5’AAATTTGAAGGTGAGCATCCTG3’`   
  IL-4                                   Forward:`5’GGTCTCAACCCCCAGCTAGT3’`
  Reverse:`5’GCCGATGATCTCTCAAGTGAT3’`    
  GAPDH                                  Forward:`5’CATCGCCTTCCGTGTTCCTA3’`
  Reverse:`5’GCGGCACGTCAGATCCA3’`        

Determination of splenocyte IFN-γ and IL-4 levels by ELISA {#sec009}
----------------------------------------------------------

Splenocytes were cultured and stimulated as above. Seventy-two hours later, the supernatants were collected for ELISA. Production of IFN-γ and IL-4 by splenocytes stimulated with the GST- NS3 was measured using IFN-γ Quantikine Mouse ELISA and IL-4 Quantikine Mouse ELISA kits (R&D Systems, Minneapolis, MN) according to the manufacturer's instructions. Optical densities were determined at a wavelength of 450 nm.

Determination of T lymphocyte proliferation by MTT assay {#sec010}
--------------------------------------------------------

We determined the T lymphocyte proliferation by MTT assay (Sigma). Briefly, Splenocytes (5×10^4^/well) from vaccinated mice were pulsed with GST-NS3 peptide for 72h and exposed to MTT (5 mg/ml) for 4 h \[[@pone.0142349.ref031]\]. After being incubated at 37°C in 5% CO2 for 10 min, then removed the medium and added 150ul dimethyl sulfoxide (DMSO, Sigma) to each well of the plate. The optical density (OD) value was determined at a wavelength of 490 nm after being incubated at 37°C for 10 min. The stimulation index (SI) was determined as: SI = OD of stimulated culture/OD of non-stimulated culture, and SI \> 2 was thought to be significant \[[@pone.0142349.ref032]\].

CTL Assay for NS3-specific CTL activity {#sec011}
---------------------------------------

Specific CTL activity was measured using the CytoTox 96 ^®^ Non-Radioactive Cytotoxicity Assay kit (Promega). P815 mouse lymphoblast-like mastocytoma cells were transfected with pAAV.CMV.NS3 plasmid using Lipofectamine^®^ 2000 (Ivitrogen). Expression of the NS3 protein was confirmed by western blot and a stable cell line expressing NS3 was selected using G418 (Gibco). The NS3-expressing P815 cells were treated with mitomycin C (25 μg/ml, Sigma-Aldrich) for 30 min and used as target cells, P815-NS3 cells. Splenocytes were prepared as above. And then they were cultured with P815-NS3 cells and GST-NS3 peptide for 5 days to engender effector cells. The optimal number of the target P815-NS3 cell was determined as 1x104 cells / 100ul. The effectors and targets were mixed in 96-well plates for 4 h at 37℃ in 5% CO2, with different E:T ratios of 50:1, 25:1, 12.5:1, and 6.25:1. The assay plate included controls as follows: effector cell spontaneous lactate dehydrogenase (LDH) release, target cell spontaneous LDH release, target cell maximum LDH release, culture medium background, and volume correction control. Released LDH was measured as instructed by the manufacturer. The percent cytotoxicity was computed by the following formula: % cytoxicity = (experimental--effector--target spontaneous)/(target maximum--target spontaneous) ×100.

Statistical analysis {#sec012}
--------------------

Statistical analysis was conducted and graphs produced using the Prism ver.5 software (GraphPad Software). An unpaired, two-tailed *t* test was used to determine the significance of differences.

Results {#sec013}
=======

Construction and characterisation of recombinant AAV vectors encoding the HCV NS3 or NS3/4 protein {#sec014}
--------------------------------------------------------------------------------------------------

The NS3 and NS3/4 genes were amplified successfully from HCV genotype 1b ([Fig 1a and 1b](#pone.0142349.g001){ref-type="fig"}) with specific primers by nested PCR. Recombinant plasmids were constructed by cloning the desired gene into an AAV cis-plasmid. After verification of the recombinant plasmids by restriction enzyme digestion and sequencing, AAV virus was produced by triple plasmid transfection of HEK293 cells and purified by three rounds of caesium chloride gradient centrifugation. The final genome titres of the three AAV vectors were 3.50 × 10^11^ to 1.02 × 10^12^ GC/ml. NS3 and NS3/4 protein expression after AAV virus infection of HepG2 cells was confirmed by western blotting. The bands shown in [Fig 1c](#pone.0142349.g001){ref-type="fig"} indicate successful transduction. Additionally, we evaluated the infectivity of AAV by determining the proportion of total cells expressing eGFP by fluorescence microscopy. The infection rate was approxiamtely 60% (data not shown), indicating that AAV is capable of delivering antigens into cells *in vitro* with a relatively high efficiency.

![Construction and characterisation of recombinant AAV vectors.\
(a) Electrophoretic profile of the product of RT-PCR amplification of the NS3 region of HCV. (b) Electrophoretic profile of the product of RT-PCR amplification of the NS3/4 region of HCV. The size of the DNA markers (in bp) is indicated. Arrows indicate 1893-bp and 2838-bp cDNA products. (c) Western blot detection of NS3 and NS3/4 proteins in HepG2 cells 72 h after infection with recombinant AAV. NS3 protein (70 kDa) and NS4B protein (25 kDa) were detected at the expected sizes in a 10% polyacrylamide gel; NS4A protein (6.5 kDa) was detected at the expected size in a 14% polyacrylamide gel. GAPDH (36 kDa) was used as an internal control.](pone.0142349.g001){#pone.0142349.g001}

NS3-specific IgG in sera from AAV-vaccinated mice {#sec015}
-------------------------------------------------

We assayed NS3-specific IgG in sera from AAV-vaccinated mice by ELISA as an initial assessment of AAV immunogenicity. Four groups of mice were inoculated with equivalent doses of rAAV2/rh32.33.NS3/4, rAAV2/rh32.33.NS3, rAAV2/rh32.33.eGFP, or PBS (control). Blood samples were collected from the retro-orbital sinus at weeks 0, 4, 8, and 12. The AAV vaccines induced a long-lasting antibody response, which was detected up to 12 weeks post-immunisation ([Fig 2](#pone.0142349.g002){ref-type="fig"}). At each time point, groups 1 and 2 showed significantly higher NS3-specific IgG antibody levels than did the other two groups (p \< 0.001). Importantly, the rAAV2/rh32.33.NS3/4 vaccine induced a rapid antibody response that reached a higher level than that induced by the rAAV2/rh32.33.NS3 vaccine (p = 0.036) ([Fig 2](#pone.0142349.g002){ref-type="fig"}).

![Anti-NS3 IgG antibody levels in sera from AAV-vaccinated mice.\
Mice were vaccinated with rAAV2/rh32.33.NS3/4, rAAV2/rh32.33.NS3, rAAV2/rh32.33.eGFP, or PBS control. Sera were collected at weeks 0, 4, 8, and 12 and subjected to ELISA. Results are expressed as mean ± SEM optical densities (O.D.) at 450 nm (n = 6). \*\*, p \< 0.001.](pone.0142349.g002){#pone.0142349.g002}

IFN-γ, IL-2 and IL-4 mRNAs levels in splenocytes from vaccinated mice {#sec016}
---------------------------------------------------------------------

To determine whether vaccination with the AAV vectors induced Th1 and Th2 cell-mediated responses *in vivo*, splenocytes were isolated from the mice 4 weeks after immunisation and stimulated with GST-NS3 peptide or PBS for 72 h *in vitro*. The mRNA levels of the Th1 cytokines, (IFN-γ and IL-2) and the Th2 cytokine (IL-4) were then determined by real-time RT-PCR. Results were normalised to the GAPDH mRNA level. IFN-γ, IL-2, and IL-4 mRNA levels were significantly higher in the splenocytes pulsed with GST-NS3 *in vitro* isolated from group 1 and 2 mice vaccinated with rAAV2/rh32.33.NS3/4 or rAAV2/rh32.33.NS3 than in the splenocytes pulsed with the GST-NS3 isolated from the other two groups ([Fig 3a--3c](#pone.0142349.g003){ref-type="fig"}). Additionally, the IFN-γ (P = 0.031) and IL-4 (P = 0.016) mRNA levels in the splenocytes pulsed with GST-NS3 *in vitro* isolated from group 1 were significantly higher than those from group 2 ([Fig 3a and 3c](#pone.0142349.g003){ref-type="fig"}). However, the IL-2 (P = 0.357) mRNA level was not significantly different between these two groups ([Fig 3b](#pone.0142349.g003){ref-type="fig"}). Finally, only in group 1and 2, GST-NS3 stimulation induced significantly higher IFN-γ, IL-2, and IL-4 mRNA levels than PBS control (P\<0.05).

![Cytokines mRNA levels in splenocytes from vaccinated mice.\
(a) IFN-γ, (b) IL-2, and (c) IL-4 mRNA levels in splenocytes from mice were determined at week 4 after vaccination with rAAV2/rh32.33.NS3/4 (group1), rAAV2/rh32.33.NS3 (group2), rAAV2/rh32.33.eGFP (group 3), or PBS (control; group 4). The splenocytes were stimulated with GST-NS3 (peptide stimulated) or PBS (no stimulated) in vitro. IFN-γ, IL-2, and IL-4 mRNA levels were determined by real-time RT-PCR. Data represent mean ± SEM of the data from each group (n = 6 in each group). \*\*\*, P\<0.0001; \*, P\<0.05.](pone.0142349.g003){#pone.0142349.g003}

IFN-γ and IL-4 production by splenocytes from vaccinated mice {#sec017}
-------------------------------------------------------------

To examine the ability of AAV vaccines to induce a cell-mediated response *in vivo*, splenocytes from vaccinated mice were cultured and stimulated with GST-NS3 peptide *in vitro*. Seventy-two hours later, the supernatants were collected and IFN-γ and IL-4 levels measured by ELISA. As seen in [Fig 4](#pone.0142349.g004){ref-type="fig"}, splenocytes from group 1 and 2 mice secreted significantly higher IFN-γ and IL-4 levels than did splenocytes from the other groups (p \< 0.001). Additionally, splenocytes from group 1 mice secreted higher levels of IFN-γ (p = 0.0356) and IL-4 (p = 0.031) than did those from group 2. Importantly, the IFN-γ level was increased to a significantly greater extent than the IL-4 level in both groups 1 and 2 (P\<0.001), which was not indicated by asterisks in [Fig 4](#pone.0142349.g004){ref-type="fig"}.

![IFN-γ and IL-4 production by splenocytes from vaccinated mice.\
IFN-γ and IL-4 production by splenocytes of mice were measured at week 4 after vaccination with rAAV2/rh32.33.NS3/4 (group 1), rAAV2/rh32.33.NS3 (group 2), rAAV2/rh32.33.eGFP (group 3), or PBS (group 4). Splenocytes were cultured with NS3 peptide and the supernatants collected for ELISA. Data represent mean ± SEM of the data from each group (n = 6 in each group). \*\*\*, P\<0.001; \*, p \<0.05.](pone.0142349.g004){#pone.0142349.g004}

Analysis of T lymphocyte proliferation from vaccinated mice {#sec018}
-----------------------------------------------------------

Splenic lymphocytes were sorted from the vaccinated mice 4 weeks after immunisation, stimulated with GST-NS3 peptide or PBS for 72 h, and analyzed using MTT assay. As shown in [Fig 5](#pone.0142349.g005){ref-type="fig"}, both of rAAV2/rh32.33.NS3/4 vaccine and rAAV2/rh32.33.NS3 vaccine could induce T-cell responses effectively. Notably, these results indicate that rAAV2/rh32.33.NS3/4 vaccine induced stronger T-cell proliferative responses than rAAV2/rh32.33.NS3 vaccine in C57BL/6 mice (P\<0.01).

![Proliferation of T lymphocytes from vaccinated mice.\
After vaccination with rAAV2/rh32.33.NS3/4 (group 1), rAAV2/rh32.33.NS3 (group 2), rAAV2/rh32.33.eGFP (group 3), or PBS (control; group 4), splenocytes were cultured with GST-NS3 and then measured by the MTT assay to calculate the SI. Data represent mean ± SEM of the data from each group (n = 6 in each group). \*\*\*, P\<0.001; \*\*, P\<0.01.](pone.0142349.g005){#pone.0142349.g005}

NS3-specific CTL Activities from vaccinated mice {#sec019}
------------------------------------------------

We measured the specific CTL activity induced by each AAV vaccine. Splenocytes obtained from the vaccinated mice were stimulated with GST-NS3 and P815-NS3 cells for 5 days to generate effector cells. Then the effector splenocytes were cocultured with the target P815-NS3 cells to examine the levels of CTL activities. As seen in [Fig 6](#pone.0142349.g006){ref-type="fig"}, T lymphocytes from group 1 and 2 mice showed higher specific lysis percentages than did T lymphocytes from the other groups at different E:T ratios except for 6.25:1(P\<0.05). Notably, splenocytes from group 1 mice exhibited higher cytolytic activity than did those from group 2 at E:T ratio of 50:1, 25:1, and 12.5:1, respectively (P\<0.05).

![NS3-specific CTL activity in splenocytes from vaccinated mice.\
Mice were vaccinated with rAAV2/rh32.33.NS3/4 (group 1), rAAV2/rh32.33.NS3 (group 2), rAAV2/rh32.33.eGFP (group 3), or PBS (group 4). Splenocytes were stimulated with GST-NS3 and P815-NS3 cells in vitro. Effectors were cocultured with targets (P815-NS3) for 4h with different ratios of 50:1, 25:1, 12.5:1, and 6.25:1. Released LDH was measured and the percentage of specific killing was calculated. Data represent mean ± SEM of the data from each group (n = 6 in each group). \*, P\<0.05.](pone.0142349.g006){#pone.0142349.g006}

Discussion {#sec020}
==========

Despite major progress in the treatment of HCV infection in recent years, development of an effective vaccine remains important. Many candidate HCV vaccines such as synthetic peptides, recombinant proteins, virus-like particles, inactivated yeasts, recombinant viruses and DNA plasmids have been assessed over the past decades \[[@pone.0142349.ref033], [@pone.0142349.ref034]\]. Some are in phase I/II human clinical trials currently, yet no HCV-specific vaccine has reached phase III development \[[@pone.0142349.ref035]\].

The application of viral vectors to deliver HCV RNA is an appealing option for a vaccine. The majority of viral vector vaccines against HCV tested to date have been based on adenovirus and the modified vaccinia Ankara virus, both of which provide several advantages because of their efficiency of infection of several cell types \[[@pone.0142349.ref036]\]. It has been shown that MVA (modified vaccinia Ankara virus) boost the HCV-specific T cells induced by ChAd3 optimally and generate high levels of both CD8+ and CD4+ HCV-specific T cells against multiple HCV antigens (NS3, NS4, NS5A, and NS5B) \[[@pone.0142349.ref037]\]. However, they constitute a safety concern due to the strong inflammatory responses and pre-existing immunity in the human population. Recent studies have indicated that AAV-based vaccines offer potential advantages compared to other virus-based systems because of their intrinsic lack of pathogenicity, ability to infect cells in various tissues, and expression of transgenes at a high and sustained level \[[@pone.0142349.ref038]\]. Besides, their use for gene therapy has indicated overall absence of toxicity \[[@pone.0142349.ref039]\]. Based on these benefits, we used the vector of AAVrh32.33 for HCV vaccine, an engineered hybrid between two natural AAV rhesus macaque isolates that possesses a significantly lower seroprevalence and induction of a potent CD8+ T-cell response against the antigen \[[@pone.0142349.ref024], [@pone.0142349.ref040]\]. In this study, AAV vectors encoding two HCV non-structural proteins (AAVrh32.33.NS3 and AAVrh32.33.NS3/4) were constructed. *In vitro*, AAV vectors can infect HepG2 cells with a relatively high efficiency and express HCV NS3 or NS3/4 protein. This is the first report of an AAV vector system capable of expressing HCV antigens.

A vigorous, pathogen-specific adaptive immune response involving both the humoral and cellular branches is required for HCV clearance. HCV-specific CD4^+^ T cells are thought to be essential for generation of an effective immune response, and the reaction to the NS3 and NS4 proteins seems to be vital \[[@pone.0142349.ref018], [@pone.0142349.ref019], [@pone.0142349.ref041]\]. Over half of the entire NS3/4 sequence contain CD4^+^ T-cell epitopes that are recognised by certain individuals \[[@pone.0142349.ref015]\]. The NS3 protein is highly conserved among strains, and numerous T-cell epitopes have been identified within this antigen \[[@pone.0142349.ref042]\]. Indeed, it has been reported that a positive IFN-γ--secreting response against NS3 protein is related to a reduction in viral load in humans \[[@pone.0142349.ref043]\]. Therefore, NS3 protein has long been regarded as an ideal antigen for inclusion in an HCV vaccine. The NS4 protein is a required cofactor for the protease activity of NS3. NS4A and NS4B have been found in membrane-associated complexes \[[@pone.0142349.ref044]\]. The inclusion of NS4A in NS3-based genetic vaccines has been reported to greatly enhance the immunogenicity of NS3 \[[@pone.0142349.ref045]\]. Additionally, a genotype 1a/1b consensus HCV NS3/NS4A DNA vaccine can reportedly induce strong anti-NS3/NS4A T-cell responses in C57BL/6 mice and rhesus macaques \[[@pone.0142349.ref046]\]. NS4B is an integral membrane protein localised mainly on the cytoplasmic side of the endoplasmic reticulum \[[@pone.0142349.ref047]\]. Epitope escape has been demonstrated to contribute to viral persistence \[[@pone.0142349.ref048]\]. Here, we constructed AAV vectors encoding the full length of the HCV NS3/4 and NS3 proteins and compared their immunogenicity in parallel-vaccinated C57BL/6 mice. We focused on the responses to NS3 peptide stimulation because of the reported significance of NS3-specific T-cell responses in the clearance of acute infection \[[@pone.0142349.ref018], [@pone.0142349.ref019]\]. First, NS3-specific antibody levels were determined to evaluate the humoral immune response. In serum samples from rAAV2/rh32.33.NS3/4-immunised mice, NS3-specific IgG appeared more rapidly and reached higher titres than in rAAV2/rh32.33.NS3-immunised mice ([Fig 2](#pone.0142349.g002){ref-type="fig"}), which is an indication of the greater intrinsic immunogenicity of the NS3 protein. Notably, after a single injection, AAV vectors induced sustained antibody levels for up to 12 weeks, suggesting sustained expression of the transgene. Additionally, we found that the level of IL-4, considered as a Th2 cytokine, was significantly higher in splenocytes isolated from the mice vaccinated with rAAV2/rh32.33.NS3/4 than in those isolated from the rAAV2/rh32.33.NS3-vaccinated group ([Fig 3c](#pone.0142349.g003){ref-type="fig"}). Adaptive cellular immunity plays a major role in HCV clearance; therefore, whether vaccines induce a cellular immune response to HCV is important in their assessment. In this study, we determined IFN-γ and IL-2 levels as markers of a Th1 response and the IL-4 level as a marker of a Th2 response. As expected, the AAV2/rh32.33.NS3/4 vaccine induced higher IFN-γ and IL-4 levels levels than did the AAV2/rh32.33.NS3 vaccine at both the mRNA and secretion levels (Figs [3a](#pone.0142349.g003){ref-type="fig"} and [4](#pone.0142349.g004){ref-type="fig"}). Moreover, the fact that IFN-γ secretion by splenocytes isolated from AAV-immunised mice was markedly higher than that of IL-4 indicates that AAV vaccines based on HCV NS proteins induce Th1-based cellular immunity, which is required for HCV clearance ([Fig 4](#pone.0142349.g004){ref-type="fig"}). The cytolytic CD8+ T lymphocytes are essential effector cells against HCV infection. We have demonstrated that AAV2/rh32.33.NS3/4 vaccine-induced CTL exhibited higher cytolytic activity than did the AAV2/rh32.33.NS3 vaccine, which indicated that the AAV2/rh32.33.NS3/4 vaccine possess good immunogenicity ([Fig 6](#pone.0142349.g006){ref-type="fig"}). Overall, our data suggest that an AAV-based vaccine encoding NS3/4 has superior immunogenic properties to an NS3-based vaccine. The possible explanations are as follows. First, NS4 may improve the expression level of NS3 \[[@pone.0142349.ref046]\]. Second, NS4A prevents NS3 from undergoing rapid degradation in cell culture \[[@pone.0142349.ref049]\]. Third, NS3/4 may augment more efficient immune epitopes than NS3. However, further experiments are needed to clarify the underlying mechanism.

In conclusion, we developed novel AAV-based anti-HCV genetic vaccines encoding the NS3 and NS3/4 proteins and confirmed their induction of both humoral and cellular immune responses in an experimental mouse model. In the future, we plan to construct AAV-based vaccines encoding other regions of the HCV genome and evaluate their immunogenicity in an available mouse model of HCV infection to develop the most effective possible vaccine. Since their successful application in gene therapy \[[@pone.0142349.ref026]\], we have reasons to believe that AAV vaccines for HCV are of great value, and future studies will help to define it.
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